Introduction
The testing of the cytotoxicity of restorative dental materials is important from two standpoints. First, cytotoxicity tests have become an accepted means of screening dental materials for biocompatibility (ADA, 1979; ANSI/ADA, 1982) . The improvement of these tests should ultimately provide a more accurate means to screen new materials and reduce the need for animal or human testing. Second, the interaction of materials and the components of materials with cells at the molecular level are probably responsible for tissue-level reactions such as inflammation, necrosis, immunogenesis and carcinogenesis (Hodgson & Levi, 1987; Costa, 1991) . Understanding these material-cell interactions is a necessary precursor to understanding the way materials elicit their in vivo responses.
The concepts of hazards and risks are central to interpreting cytotoxicity tests (Clarkson, 1992) . A material is hazardous if it has the potential to cause a problem when placed into the body. Hazardous materials are generally identified through screening tests which place a material in direct contact with either cultured cells or animal tissues, although the material will generally not be placed in the context of its intended use. Risk, on the other hand, is the likelihood that problems will occur when a material is put into use. It is important to understand that a material which is hazardous may not pose a significant risk to the body. The risk may be reduced . v because of diffusion or dilution of the offending components, biological barriers, or a lack of sufficient time of contact between the offending components and susceptible tissues. Although cytotoxicity tests have beeen used for many years to assess how hazardous a material might be, it is the goal of many in vitro testing models to be able to define, or at least partially define, the risks these materials may pose before they are put into the body. Historically, many types of tooth restorative materials have been determined to be hazards. For example, Hume & Mount (1988) determined that glass ionomer cements were toxic when in direct contact with L929 fibroblasts. Mliller et al (1990) found that some glass ionomer cements were also toxic to primary rabbit pulpal fibroblasts. Helgeland & Leirskar (1972) demonstrated that both high-and low-copper amalgams were toxic in vitro, and Leirskar (1974) later showed that metal ions released from these amalgams were probably responsible for these reactions. Kaga et al (1988) more recently showed that both whole amalgams and their phases were cytotoxic. Hanks, Anderson & Craig (1981) and Meryon & Riches (1982) both found that composite materials were cytotoxic to fibroblasts and macrophages. Finally, Kawahara, Yamagami & Nakamura (1968) showed that silicate and zinc phosphate cements were toxic to cultured cells, especially early in the setting process.
Several researchers have shown that hazard tests are not necessarily good indicators of in vivo biocompatibility, and that these tests may yield conflicting results even among themselves. Hensten-Pettersen & Helgeland (1977) found that silicate cement, zinc-oxide eugenol cement and composite elicited different responses in four different direct-contact cell-culture tests. Mjor, Hensten-Pettersen & Skogedal (1977) later showed that cell-culture tests on these materials did not agree with implantation or pulpal (usage) tests. In another study, Spangberg (1978) reached a similar conclusion. These types of studies reinforce the danger of using tests which measure hazards to predict the performance of dental restorative materials in vivo.
Two strategies have been used to try to identify the risks associated with dental restorative materials by means of in vitro tests. The first strategy is to test the toxicity of the components of a material to cells in monolayer culture, then measure the concentrations of those components which exist in vivo. Since individual components are used, dose-response curves can be determined in vitro and the cytotoxic potential of the in vivo concentrations can then be estimated. The duration of the exposure and synergism or antagonism between components can also be tested in this manner. The second strategy is to use barriers between the material and the cells, to mimic barriers which might exist in vivo. For pulpal effects, dentine barriers have been used (Tyas, 1977; Meryon & Riches, 1982; Hume, 1984; Hanks et al, 1987; Li et al, 1992; Schmalz & v. Gymnich, 1993) . This strategy has been somewhat successful in assessing in vivo risks with in vitro systems. More recent investigations have combined these two strategies by testing the components of a material through a dentine barrier thereby helping to identify which components might be responsible for pulpal effects through dentine or substances which mollify those effects by reducing dentine permeabihty (Pashley, 1985; Gerzina & Hume, 1993) .
The remainder of this paper will address the cytotoxicity of resins, metal ions and hydrogen peroxide. These components are known to be released from dental restorative or treatment materials and therefore are potentially hazardous to pulpal tissues. Ferraeane & Condon (1990) , among others, have shown that resin composites release components immediately after placement. Leirskar (1974) and Okabe et al. (1987) have documented the release of metal ions from amalgams, and Hanks et al (1993) have shown that a number of bleaching agents release hydrogen peroxide.
Cytotoxicity of resins
Hazard testing of a number of components of resin composites was reported by Hanks et al. in 1991 . These investigators tested the cytotoxicity of 11 components toward Balb/c 3T3 mouse fibroblasts. Figure l(a) shows the response of DNA synthesis of these cells toward Bis-GMA over a 24h period. The Bis-GMA resin was added to the culture at time zero. With concentrations of 5 [xmol/l, a depression of DNA synthesis was apparent at 8h, and the toxic effect increased as time progressed to 24h. The first evidence of cytotoxicity occurred at a concentration between 0-5 and 5 [xmol/1.
These authors reported that the potencies of the resin components varied by greater than 100 times. Figure 2 summarizes the concentrations of four of these components which cause a 50% decrease in cellular activity (TC50 concentration). The TC50 concentration is commonly used in toxicology to measure the toxic response, and the potency of the cytotoxic response is inversely proportional to the TC50 concentration. Thus, a chemical which has a low TC50 concentration is defined as having a high potency. Given these definitions. Fig. 2 shows that the primary components of resin (DHEpT) is an accelerator, triethyleneglycol dimethacryiate (TEGDMA) is a diluent, and bis glycidyl methacrylate (Bis-GMA) and urethane dimethacryiate (UDMA) are oligomers. These components were added to cultured Balb/c 3T3 fibroblasts for 24 h, and their effects on total protein, protein synthesis and DNA synthesis were measured. The y-values are the concentrations of these compounds which suppressed cell activity by 50%. It is apparent that these compounds have diverse potencies.
composites varied in their potency and that total protein, protein synthesis and DNA synthesis were roughly equivalent in measuring these potencies for most components. Hanks etal. (1991) also measured the reversibility of the toxic effects by removing the resins from the cell-culture medium and allowing the culture to recover for an additional 24 h. Figure l(b) illustrates the results of this type of experiment for Bis-GMA using Balb/c fibroblasts and measuring the total protein present in the cell-culture. The Bis-GMA was removed from the culture system at 24h. Thus, the period between 24 and 48 h shows the reversibility of the toxic response. For Bis-GMA concentrations between 5 and 10n,mol/l, the cell-cultures appeared to lose their ability to recover. In general, the concentrations of resins above which no reversibility was seen was of the same magnitude as the TC50 values.
In summary, the components of resin composites are hazardous in that they all cause significant toxicity in direct contact with fibroblasts. However, these components have diverse potencies and the risks that they pose to the dental pulp depend upon the quantities which permeate the dentine and accumulate in the pulp.
Cytotoxicity of metal ions
Several dental restorative materials release metal ions which may be hazardous to pulpal tissues. These include ions of Ag, Cu, Hg (released from amalgams), Al (released from glass ionomer cements), and Zn (released from several types of cements). The cytotoxicity of these metal ions have been studied by a number of investigators, but the diversity of the methods used make direct comparisons difficult. This discussion will focus on a few representative investigations and compare the results. Leirskar (1974) used NCTC epithelial cells to measure the cytotoxicity of ions of Ag, Hg, Cu and Zn in an effort to discover which elements might be responsible for amalgam toxicity in vitro. TC50 concentrations were measured by counting the number of cells which remained after 24 h of exposure to these ions. Babich, Shopsis & Borenfreund (1986) used two fish cell-lines to study the toxicity of ions of Cu and Zn, among others. These investigators measured cytotoxicity by neutral red uptake after cells were exposed to these meals for 24 h. Neutral red is a dye which is taken up and retained only by viable cells. Thus, its uptake can be used to assess the number of viable cells after exposure to a substance. used Balb/c 3T3 fibroblasts to assess the cytotoxicity of ions of Ag, Al, Cu and Zn, among others. They measured cytotoxicity through the activity of a mitochondrial enzyme (succinic deydrogenase).
A comparison of these three investigations shows a remarkable level of agreement in the potency of these metal ions, considering the diverse cell lines and methods of measuring toxicity (Fig. 3) . The potency of these metal ions ranged from 15 ^imol/1 for Zn"^^ to almost 3000|j,mol/l for Al+^. Differences in sensitivities of cell lines to dental materials have been reported previously (Babich et al, 1986 , Hanks et al, 1981 and Wataha et al (1991) , among others have shown that different methods of measuring cytotoxicity affect the assessment.
The in vitro duration of the exposure of metal ions to cells has been shown to be a factor in affecting the apparent toxicity of metal ions (Wataha, Hanks & Craig, 1992 ). An example of this effect is shown in Fig. 4 for Cu"^^. The TC50 values for Cu"^^ exposure to Balb/c 3T3 fibroblasts were plotted vs. the duration of exposure. For Cu"^^, the TC50 was dramatically reduced as the duration of exposure increased, dropping 15-fold over a 72h period. This effect was larger than that seen for other metal ions or for Bis-GMA (Fig. l(a) ). The duration of exposure effect is important for in vitro testing, but may also be important in vivo if the exposure of pulpal tissues to these substances is extended.
The synergistic or antagonistic effects of two metal ions has also been investigated by Wataha et al. (1992) . By assuming that the cytotoxic effects of two ions should be 
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Duration of Cu exposure (h) Fig. 4 . The effect of duration of exposure on the potency of Cu"^ toward Balb/c 3T3 fibroblasts. The R^ value for the least squares best fit curve is 0-99. For short durations of exposure, the amount of Cu"^^ required to reduce the succinic dehydrogenase activity of these cells by 50% (TC50 concentration) was above 200|Amol/l. As the duration of exposure lengthened to 72 h, the TC50 concentration dropped to less than 25 |xmol/l.
additive in the absence of synergistic or antagonistic effects, they have quantified these effects for several binary metal systems in vitro. These results for the Ag-Cu system are shown in Fig. 5 . Since the z-axis is the difference between the observed and expected succinic dehydrogenase activity in the presence of these ions, positive results indicate that there was a greater observed enzymatic activity than expected. This is interpreted as an antagonism of the cytotoxic effects of these ions, since an additive effect of the two cytotoxicities would have given a value with z = 0. The presence of these types of effects was suggested in 1981 by Leirskar & Helgeland. This subject has also been extensively reviewed by Magos (1981) .
Cu+2 Ag+1
Fig, 5. The apparent antagonism of toxicity produced by concurrent exposure of Balb/c 3T3 fibroblasts to Ag"*^' and Cu^'^. The z-axis shows the difference between the observed and expected succinic dehydrogenase (SDH) activity, a measure of mitochondrial function measured by the conversion of tetrazolium dye to its formazan salt. The x and y axes are the concentrations of Cu"^^ and Ag^' in jAg/ml, respectively. The error bar is three standard deviations of the mean (3SEM). This surface indicates antagonism of the toxic effect because the SDH activity was greater than expected (>0) assuming that toxicity of the Ag*' and Cu"*^^ were independent and additive.
In summary, metal ions which have the potential to be exposed to the dental pulp are hazards. As with the resin materials, the potencies of these ions are diverse and the risks which these components pose to the pulp are dependent upon the concentrations which reach the pulp via diffusion through dentine.
Cytotoxicity of hydrogen peroxide
A number of investigators ha\e worked in this area, but recent data which assessed the cytotoxicity of hydrogen peroxide in a dental context has been reported by Hanks et al. (1994) . These investigators reported that the TC50 values for hydrogen peroxide was 880[xmol/l after lh of exposure to Balb/c 3T3 cells and only 300!imol/l after a 6h exposure. Considering the relatively short durations of exposure, hydrogen peroxide would seem to be a definite hazard if exposed to pulpal tissues.
The effect of several bleaching agents on cellular metabolism has also been reported (Hanks et al, 1994) . These investigators first determined the potency of H2O2 in direct contact with cells in vitro. The results are shown in Fig. 6 , with the small dark squares representing the succinic dehydrogenase activity of Balb/c 3T3 fibroblasts relative to the negative control. The regression line is a best-fit curve of these points. The cytotoxicity of various bleaching agents were then tested through dentine disks, with the bleaching agent on one side of the disk and cell-culture medium on the puplal side of the disk. The culture medium was left in contact with the disks for lh, after which its H2O2 content and cytotoxic effect were measured. The effects of cell-culture medium on succinic dehydrogenase activity were then plotted on the same graph as the H2O2 dose-response curve (Fig. 6) . It is evident that the cytotoxic effects of the pulpal extracts of the bleaching agents corresponded closely to the cytotoxic effects of an equivalent dose of pure H2O2. The authors concluded that the cytotoxic effects of the bleaching agents in this system were primarily caused by diffusion of H2O2 through the dentine. This study seems to establish that H2O2 is not only a hazard, but also a risk to pulpal tissues if in contact with permeable dentine. Table 1 summarizes the potencies of the substances presented in this paper. All substances were exposed to cells for 24h except hydrogen peroxide, which was exposed Fig. 6 . The effect of extracts of bleaching agents on Balb/c 3T3 succinic dehydrogenase metabohsm after 1 h of exposure. The bleaching agents were extracted through dentine disks into cell-culture medium for lh. The extracts were then evaluated for cytotoxicity. The cytotoxicity of the extracts (open symbols) corresponds closely with the cytotoxicity of pure hydrogen peroxide which was placed in direct contact with the fibroblasts (• and regression line). The authors concluded that the cytotoxicity of the bleaching agents was primarily caused by H2O2. (Figure adapted from Hanks et al., 1993). for 6h. These substances have a wide range of potencies and because they are all toxic to cells some concentration, all are hazards to pulpal tissues by definition. However, in the absence of some reference material, it is difficult to put the potencies of these materials into perspective. In 1989, Hanks et al proposed that phenol be used as a standard positive control for in vitro cytotoxicity testing. They tested the effect of phenol on the protein synthesis of Balb/c 3T3 fibriblasts after a 24h exposure. The 50% cytotoxicity concentration of phenol was 5000[xmol/l. If the potencies of the substances in Table 1 are compared to the potency of phenol, then all of these substances appear to be of significant potency, with some metal ions and Bis-GMA being most outstanding in this respect. In spite of their apparent high toxic potency, the risk that these substances, or the materials they came from, pose a threat to the dental pulp depends on the concentrations of these substances which are released, the permeability of these substances through dentine, and the durations of exposure of the substances to pulpal cells. Furthermore, given the synergism and antagonism observed with some metal ions, these phenomena should not be ruled out for other components of materials. Estimation of the risks that pulpal tissues are affected by restorative dental materials is a complex process which is ultimately determined by putting the material into use. However, recent advanees in cytotoxicity testing have begun to provide a means by which these risks can be partly estimated in vitro.
Conclusions

